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Characteristic temperatures in ferromagnetic-antiferromagnetic exchange biased systems are
analyzed. In addition to usual blocking temperature of exchange bias, TB, and the Néel temperature
of an antiferromagnet, TN, the inducing temperature of exchange bias, Tind, has been recently
proposed. Tind is the temperature at which the direction of exchange anisotropy is established. We
demonstrate that this temperature is, in general, different from TB and TN. Measurements of Tind, in
addition to TB and TN, provide important information about exchange interactions in
ferromagnetic-antiferromagnetic heterostructures. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2769807�

I. INTRODUCTION

Exchange anisotropy appears in hybrid ferromagnetic
�F�-antiferromagnetic �AF� systems due to exchange interac-
tions at the F-AF interface.1 The interfacial exchange creates
an additional energy barrier which F magnetic moments have
to overcome during the magnetization reversal. The ex-
change anisotropy is unidirectional and manifests as a hori-
zontal shift of the magnetic hysteresis loop after field cool-
ing. The exchange bias field is determined as the value to
which the center of the hysteresis loop is shifted with respect
to zero field.2 This assumes that the AF structure stays stable;
a valid assumption unless the total AF magnetocrystalline
anisotropy is too low. The latter case leads to AF spins ro-
tating coherently with F spins, and the exchange bias
vanishes.3,4,6 The hysteresis loop is normally shifted in the
direction opposite to the cooling field, indicating that the
interfacial exchange coupling is ferromagnetic �i.e., it favors
parallel orientation of the interfacial F and AF spins�. The
case of “positive” loop shifts, which may assume antiferro-
magnetic coupling at the F-AF interface �favoring antiparal-
lel alignment of the interfacial F and AF spins�, was de-
scribed by Nogués et al.7,8

It is “common knowledge” that exchange anisotropy is
established when field cooling a F-AF system through the
Néel temperature TN of the antiferromagnet.9,10 The ex-
change bias blocking temperature TB is the temperature at
which the exchange bias disappears. Recently, it has been
demonstrated that the direction of exchange anisotropy can
be established at a temperature larger than TB. This tempera-
ture is denoted as the exchange bias inducing temperature,
Tind.
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II. THE PROCEDURE FOR MEASURING THE
EXCHANGE BIAS INDUCING TEMPERATURE

The procedure for measuring Tind is as follows. First, the
sample is field cooled in a “negative” field �−HFC� from tem-
perature TM �TM �TN� to a certain temperature Tswitch. At
Tswitch the sign of the cooling field is changed. Further cool-

ing to the temperature Tm is performed in field +HFC. Tm is
the temperature at which the hysteresis loop is measured
�Tm�TB must be satisfied�. The absolute value of the ex-
change bias field at Tm is Hm. If the direction of the exchange
anisotropy is not established at Tswitch, then the exchange bias
field measured at Tm will be −Hm, since it will be induced in
a positive cooling field +HFC. On the other hand, if the di-
rection of the exchange anisotropy is established at a tem-
perature higher than Tswitch, changing the sign of the cooling
field does not influence the sign of the exchange bias field
+Hm measured at Tm. By scanning Tswitch from TM down to
Tm, the transition temperature Tind will be found at which the
direction of exchange anisotropy is established.12 The depen-
dence of the exchange bias field Heb �measured at fixed Tm�
versus Tswitch, is schematically illustrated in Fig. 1. In the
above description we assume that there is no training effect
in the system.13 Otherwise, the transition at Tind would be not
from −Hm to +Hm, but from −Hm to HmTL, where the last
value is the exchange bias field of the first training loop at
Tm.

a�Electronic mail: alexey@dobrynin.org

FIG. 1. �Color online� Exchange bias field Heb, measured at temperature Tm

as a function of temperature Tswitch, at which the sign of the cooling field is
changed from −HFC to +HFC. The temperature is scanning from TM down to
Tm. In case of Tind�Tswitch�TM, the exchange bias is negative �−Hm�, since
it is induced by a positive cooling field +HFC. For Tm�Tswitch�Tind the
exchange bias is positive �+Hm�, because it is induced by a negative cooling
field −HFC. Tind is the temperature at which the direction of the exchange
anisotropy is established.
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III. MODEL OF INTERACTIONS IN A
FERROMAGNETIC-ANTIFERROMAGNETIC SYSTEM

In order to understand the origin of the inducing tem-
perature and its difference from the blocking temperature we
consider a one-dimensional F-AF model system, which is
schematically shown in Fig. 2. In the assumption that the
exchange interactions exist only between localized nearest-
neighbor spin magnetic moments, the exchange Hamiltonian
of the system may be written as

Hex = − JF �
i=1

NF−1

SFi
SFi+1

− JA �
j=1

NA−1

SAj
SAj+1

− JintSFNF
SANA

.

�1�

Here, SF and SA are F and AF spin magnetic moments re-
spectively, JF�0 is the exchange coupling constant between
F spins, JA�0 is the exchange coupling constant between
AF spins, and Jint�0 is the exchange coupling constant be-
tween interfacial F and AF spins SFNF

and SANA
.

The stabilities of the F, AF, and interfacial F-AF cou-
pling are modeled by the first, second, and third terms of Eq.
�1�, respectively. The third term gives rise to the exchange

anisotropy. The direction of the exchange anisotropy is de-
termined by the orientation of SANA

, since in the ground state
F spins are parallel to the interfacial AF spin, as imaged in
Fig. 2�a�. We define TNint

as the temperature at which the AF
exchange interaction between SANA

and SANA−1 is estab-
lished. The temperature at which the interfacial F-AF inter-
action �i.e., the interaction between SFNF

and SANA
� is estab-

lished is designated as TFAF. TNint
is proportional to JA, while

TFAF is proportional to Jint. In the many dimensional case
these freezing temperatures are proportional to the product of
the corresponding exchange coupling constant and the corre-
sponding coordination number. It is necessary to stress that
in real situations other parameters not considered in our
model may influence the values of the freezing temperatures
�in particular, magnetocrystalline anisotropy�. Such interac-
tions are generally much weaker than the exchange interac-
tions, and the corresponding energy contributions could be
introduced as perturbations of the exchange coupling con-
stants.

Assume that the system is cooled in a positive field
through TN, and the direction of the field is changed just after
passing TN. TNint

is less than TN due to the reduced AF coor-
dination number at the interface. Therefore, the interfacial
spin can still be aligned by the external negative field yield-
ing the configuration shown in Fig. 2�b�. However, this is not
the ground state of the system, since SANA

favors antiparallel
alignment with SANA−1. The ground state corresponds to that
shown in Fig. 2�a�, and, therefore, the direction of exchange
anisotropy is established when passing TN, i.e., Tind=TN for
the one-dimensional case.

In the three-dimensional system, the situation described
above is not the only possibility. Most of the models of ex-
change bias assume a type of frustrated interfacial AF spin
configuration.14 In particular, uncompensated interfacial AF
spins were found to be the reason of exchange bias in many
systems.15–18 Such an uncompensated AF spin has both par-
allel and antiparallel AF neighbors, and, therefore, it is in a
frustrated state. Similar configurations may exist if other
mechanisms are involved in the exchange anisotropy, such as
spin-flop coupling,5,19,20 hybrid F-AF domain walls21 or par-
tial AF domains.22 The frustrated state of the interfacial AF
spins in combination with the reduced AF coordination num-
ber at the interface leads to a situation wherein TNint

is less
than TN. In this case, the interfacial AF spins can be reori-
ented by an external field at a temperature intermediate to
TNint

and TN.23 Upon further field cooling, the frustrated in-
terfacial AF spin will couple to the neighboring AF spin with
antiparallel orientation, forming the ground state. This direc-
tion will be the easy direction of magnetization of the whole
system. The temperature at which the most favorable orien-
tation of the interfacial AF spins is established is the ex-
change bias inducing temperature.

IV. THE DISTINCTION BETWEEN INDUCING,
BLOCKING, AND NÉEL TEMPERATURES

While the fact of the difference of TB and TN is well
established,24 a strict definition of TB is missing. One com-
mon way is to determine TB as the maximal temperature at

FIG. 2. �Color online� Schematic view of the one-dimensional F-AF system.
�a� The system is cooled in a “positive” field, and the ground state is formed.
�b� Jint�JA: the interfacial AF spin rotates coherently with the F part, and
the exchange bias field is determined by JA. �c� Jint�JA: the interfacial AF
spin stays stable during the magnetization reversal, and the exchange bias
field is determined by Jint.

043902-2 A. N. Dobrynin and R. Prozorov J. Appl. Phys. 102, 043902 �2007�

Downloaded 16 Aug 2007 to 129.186.116.189. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



which exchange bias exists after field cooling a F-AF system
through TN. We find it appropriate to accept this as a defini-
tion of TB. This way, TB and Tind are easily measurable val-
ues, and in different situations correspond to real freezing
temperatures TN �also measurable�, TFAF, or TNint

. Below we
discuss these possibilities.

Obviously, exchange bias cannot appear once all interfa-
cial exchange interactions are established. Thus, TB

=min�TFAF,TNint
�. If the interfacial F-AF exchange coupling

is weaker than the exchange coupling between the interfacial
AF spins and the rest of the AF part �Jint�JA for the one
dimensional case�, then the measurements of TB will yield
TFAF, while Tind corresponds to TNint

�frustrated case� or TN

�nonfrustrated case�, and, therefore, TB�Tind. This also
means that the interfacial AF spins stay stable during the
magnetization reversal at Tm, and the exchange bias value is
determined by Jint. This situation is shown in Fig. 2�c�.

If Jint�JA then TFAF�TNint
. The interfacial uncompen-

sated AF spins �i.e., those, responsible for exchange bias�
will rotate coherently with the F spins during the magnetiza-
tion reversal at Tm, and the exchange bias value is deter-
mined by JA. If the interfacial AF structure is frustrated, then
the measurements of both TB and Tind will yield TNint

. If
Jint�JA and the interfacial AF structure is not frustrated, TB

will be less than Tind�=TN�, because TB still corresponds to
TNint

, while the direction of exchange bias will be set at TN,
as discussed for the one-dimensional case. This situation cor-
responds to that shown in Fig. 2�b�.

A slight difference between TB and Tind has been recently
observed in oxidized Co nanocluster films.11 This difference
is expected to be larger for systems with rough F-AF inter-
face, where Jint is significantly reduced as compared to that
in natively oxidized or epitaxially grown F-AF systems.25,26

Sometimes the technique developed by Soeya et al.27 is
used to determine TB. With this method a sample is first field
cooled to temperature Tm, then warmed up at zero field to a
certain temperature, at which the magnetic field of the oppo-
site sign is applied, and the sample is cooled back to Tm at
this field. The temperature at which the direction of the ex-
change bias, measured at Tm, can be changed, is accepted as
TB. Apparently, this technique will yield the same result as
the technique for measuring Tind unless there is some thermal
hysteresis in the system. Thus, the method of Soeya et al.
will not yield the true TB value in all situations.

V. CONCLUSIONS

In this paper we have demonstrated that it is necessary to
distinguish between the temperature at which the direction of
exchange anisotropy is established �Tind�, the maximal tem-
perature at which exchange bias may exist �TB�, and the Néel
temperature of the antiferromagnet �TN� in F-AF heterostruc-
tures. A modified method of measuring Tind was proposed,
and the method yielding the true TB value was highlighted.
Moreover, important information about interfacial F-AF
structure and exchange interactions may be extracted by
comparing these three temperatures. The case of Tind�TN

assumes a frustrated interfacial AF structure in a system,
otherwise Tind=TN. If TB=Tind�TN, the interfacial F-AF in-

teractions are stronger than those between the interfacial AF
spins and the rest of the AF part, assuming rotation of the
interfacial AF spins during the magnetization reversal. The
exchange bias value in this case is determined by the latter
AF exchange coupling. In the case of TB�Tind�TN the in-
terfacial AF spins stay stable, and the exchange bias field is
determined by the interfacial F-AF exchange coupling. Sys-
tematic comparisons of Tind, TB, and TN in different exchange
biased systems will help in revealing the involved exchange
mechanisms, and lead to better understanding of the ex-
change bias phenomenon.

ACKNOWLEDGMENTS

One of the authors �A.D.� appreciates discussions with P.
Lievens, K. Temst, and J. Nogués. Ames Laboratory is oper-
ated for the U.S. Department of Energy by Iowa State Uni-
versity under Contract No. W-7405-ENG-82. This work was
supported in part by the Director for Energy Research, Office
of Basic Energy Sciences. Another author �R.P.� acknowl-
edges support from the Alfred P. Sloan Foundation. We thank
M. Vannette for help with the manuscript preparation.

1W. H. Meiklejohn and C. P. Bean, Phys. Rev. 102, 1413 �1956�.
2J. Nogués and I. K. Schuller, J. Magn. Magn. Mater. 192, 203 �1999�.
3A. N. Dobrynin et al., Appl. Phys. Lett. 87, 012501 �2005�.
4M. S. Lund, W. A. A. Macedo, K. Liu, J. Nogués, I. K. Schuller, and C.
Leighton, Phys. Rev. B 66, 054422 �2002�.

5T. J. Moran, J. Nogués, D. Lederman, and I. K. Schuller, Appl. Phys. Lett.
72, 617 �1998�.

6W. H. Meiklejohn, J. Appl. Phys. 33, 1328 �1962�.
7J. Nogués, D. Lederman, T. J. Moran, and I. K. Schuller, Phys. Rev. Lett.
76, 4624 �1996�.

8J. Nogués, C. Leighton, and I. K. Schuller, Phys. Rev. B 61, 1315 �2000�.
9A. E. Berkowitz and K. Takano, J. Magn. Magn. Mater. 200, 552 �1999�.

10J. Nogués, J. Sort, V. Langlais, V. Skumryev, S. Surinach, J. Munoz, and
M. Baró, Phys. Rep. 422, 65 �2005�.

11A. N. Dobrynin et al., Phys. Rev. B 73, 245416 �2006�.
12The described technique is slightly different from that proposed in Ref. 11.

In the latter case different values of positive and negative cooling fields
were used �external field cooling and remanent field cooling�. This leads to
different values of the exchange bias field at Tm. While not affecting the
final result, this aproach introduces unnecessary complications to the Tind

measuring procedure.
13A. Hoffmann, Phys. Rev. Lett. 93, 097203 �2004�.
14C. Leighton, J. Nogués, B. J. Jönsson-Åkerman, and I. K. Schuller, Phys.

Rev. Lett. 84, 3466 �2000�.
15A. Hoffmann, J. W. Seo, M. R. Fitzsimmons, H. Siegwart, J. Fompeyrine,

J.-P. Locquet, J. A. Dura, and C. F. Majkrzak, Phys. Rev. B 66, 220406
�2002�.

16P. Kappenberger, S. Martin, Y. Pellmont, H. J. Hug, J. Kortright, O. Hell-
wig, and E. Fullerton, Phys. Rev. Lett. 91, 267202 �2003�.

17H. Ohldag, A. Scholl, F. Nolting, E. Arenholz, S. Maat, A. T. Young, M.
Carey, and J. Stöhr, Phys. Rev. Lett. 91, 017203 �2003�.

18K. Takano, R. H. Kodama, A. E. Berkowitz, W. Cao, and G. Thomas,
Phys. Rev. Lett. 79, 1130 �1997�.

19Y. Ijiri, J. Borchers, R. Erwin, S.-H. Lee, P. van der Zaag, and R. Wolf,
Phys. Rev. Lett. 80, 608 �1998�.

20N. C. Koon, Phys. Rev. Lett. 78, 4865 �1997�.
21C. L. Chien, V. S. Gornakov, V. I. Nikitenko, A. J. Shapiro, and R. D.

Shull, Phys. Rev. B 68, 014418 �2003�.
22I. N. Krivorotov, C. Leighton, J. Nogués, I. K. Schuller, and E. Dan

Dahlberg, Phys. Rev. B 68, 054430 �2003�.
23M. S. Lund, M. R. Fritzsimmons, S. Park, and C. Leighton, Appl. Phys.

Lett. 85, 2845 �2004�.
24P. J. van der Zaag, Y. Ijiri, J. A. Borchers, L. F. Feiner, R. M. Wolf, J. M.

043902-3 A. N. Dobrynin and R. Prozorov J. Appl. Phys. 102, 043902 �2007�

Downloaded 16 Aug 2007 to 129.186.116.189. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Gaines, R. W. Erwin, and M. A. Verheijen, Phys. Rev. Lett. 84, 6102
�2000�.

25C. Leighton, J. Nogués, H. Suhl, and I. K. Schuller, Phys. Rev. B 60,
12837 �1999�.

26J. Nogués, D. Lederman, T. J. Moran, and I. K. Schuller, Appl. Phys. Lett.
68, 3186 �1996�.

27S. Soeya, T. Imagawa, K. Mitsuoka, and S. Narishige, J. Appl. Phys. 76,
5356 �1994�.

043902-4 A. N. Dobrynin and R. Prozorov J. Appl. Phys. 102, 043902 �2007�

Downloaded 16 Aug 2007 to 129.186.116.189. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


